Transcription hinders replication fork progression and stability. The ATR checkpoint and specialized DNA helicases assist DNA synthesis across transcription units to protect genome integrity. Combining genomic and genetic approaches together with the analysis of replication intermediates, we searched for factors coordinating replication with transcription. We show that the Sen1/Senataxin DNA/RNA helicase associates with forks, promoting their progression across RNA polymerase II (RNAPII)-transcribed genes. sen1 mutants accumulate aberrant DNA structures and DNA-RNA hybrids while forks clash head-on with RNAPII transcription units. These replication defects correlate with hyperrecombination and checkpoint activation in sen1 mutants. The Sen1 function at the forks is separable from its role in RNA processing. Our data, besides unmasking a key role for Senataxin in coordinating replication with transcription, provide a framework for understanding the pathological mechanisms caused by Senataxin deficiencies and leading to the severe neurodegenerative diseases ataxia with oculomotor apraxia type 2 and amyotrophic lateral sclerosis 4.
INTRODUCTION
Replication forks slow down when encountering DNA secondary structures, DNA lesions, and DNA-bound proteins (Mirkin and Mirkin, 2007) . Stalled forks are potentially genotoxic because they can be engaged by dangerous recombination activities (Branzei and Foiani, 2010) . Transcription is the major physiological obstacle for replication (Aguilera, 2005; Bermejo et al., 2012; Rudolph et al., 2007) , and failure to assist fork progression across transcription units leads to DNA damage Brewer and Fangman, 1988; Huertas and Aguilera, 2003; Sabouri et al., 2012) . Uncoordinated clashes between transcription and replication are likely a contributor to the replication stress (Bermejo et al., 2012) , a hallmark of cancer (Bartkova et al., 2006; Di Micco et al., 2006) .
In eukaryotes, both head-on and codirectional collisions between replication and transcription occur and hamper fork progression (Azvolinsky et al., 2009; Bermejo et al., 2009; Deshpande and Newlon, 1996) . Members of the conserved family of Pif1 DNA helicases facilitate fork progression past protein-DNA barriers, including those at transcribed genes (Azvolinsky et al., 2009; Ivessa et al., 2003; Sabouri et al., 2012; Steinacher et al., 2012) . The replication checkpoint contributes to prevent replication and transcription interference by disassembling the RNA polymerase (RNAP) III preinitiation complex (Clelland and Schultz, 2010) and by counteracting abnormal fork transitions at RNAPII-transcribed genes . RNAPII-transcribed genes are organized in chromatin loops (Hampsey et al., 2011) , and the S phase architecture of messenger RNA (mRNA) genes depends on DNA topoisomerase II . The THO/TREX-2 complexes couple RNAPII transcription with mRNA export through the nuclear envelope, a process known as gene gating (Blobel, 1985) . The ATR checkpoint phosphorylates key nucleoporins to counteract gene gating, thus neutralizing the topological tension generated when forks encounter gated genes .
Because DNA and RNA synthesis generate positive supercoiling downstream of moving DNA and RNA polymerases, head-on collisions between replisomes and RNAPs are expected to generate tremendous topological constraints (Olavarrieta et al., 2002; Wang, 2002) . Negative supercoiling forms behind transcription bubbles, whereas replicated chromatids undergo precatenation (Wang, 2002) . Unsolved topological constraints lead (A) SEN1-(Sen1) and NRD1-FLAG (Nrd1) strains were blocked in G1 phase by a-factor treatment (G1) and were released at 23 C in either 0.2 M HU for 60 min (S phase; S) or nocodazole for 180 min (G2/M). Samples were collected in each cell-cycle phase to analyze the genomic distribution of factors by ChIP-chip. The number of features bound by each factor in the ChIP experiments (observed) as well as in bioinformatic simulations is shown for highly transcribed RNAPII genes, snoRNAs, RNAPIII genes, and centromeres (see Experimental Procedures). Data represent the mean ±SD of three independent simulations (expected). Asterisks indicate features showing a statistically significant difference between observed and simulated binding. The statistical significance of Sen1 and Nrd1 binding to centromeres could not be calculated by this method due to the reduced total number-sixteen-of these elements.
(B) WT and rpb1-1 cells were arrested in G2/M phase as in Figure 1A , transferred to 37 C for 1 hr to inactivate the RNAPII, and then processed for ChIP-chip to analyze Sen1 binding.
to the accumulation of dangerous recombinogenic DNA structures. Positive supercoiling can result in fork reversal (Postow et al., 2001) , while R-loop formation depends on negative supercoiling accumulation (Drolet, 2006) . Whereas in prokaryotes DNA-RNA hybrids can trigger replication (Kogoma, 1997; Pomerantz and O'Donnell, 2008) , a growing body of evidence suggests that, in eukaryotes, the DNA-RNA hybrids at R-loops promote chromosomal rearrangements (Gan et al., 2011; Gó mez-Gonzá lez et al., 2011; Gottipati et al., 2008; Helmrich et al., 2011; Huertas and Aguilera, 2003; Li and Manley, 2005; Mischo et al., 2011; Paulsen et al., 2009; Tuduri et al., 2009; Wahba et al., 2011) . R-loop accumulation is enhanced in the absence of mRNA biogenesis factors (Paulsen et al., 2009; Stirling et al., 2012) , including the THO/TREX-2 complexes (Domínguez-Sá nchez et al., 2011; Huertas and Aguilera, 2003) and the SR protein SRSF1 (Li and Manley, 2005) . These factors sequester nascent transcripts, thus preventing RNA reannealing to the template. Topoisomerase I (Drolet, 2006; Tuduri et al., 2009) , RNase H (Wahba et al., 2011) , and Senataxin (Sen1 in budding yeast) (Mischo et al., 2011; Skourti-Stathaki et al., 2011; Stirling et al., 2012) have been involved in suppressing R-loop accumulation. The Senataxin gene encodes a conserved DNA/RNA helicase with multiple roles in RNA metabolism (Suraweera et al., 2009) and is found mutated in the two severe neurodegenerative disorders ataxia-ocular apraxia type 2 (AOA2) (Moreira et al., 2004) and amyotrophic lateral sclerosis type 4 (ALS4) (Chen et al., 2004) . The best-characterized function of yeast Sen1 is to terminate RNAPII transcripts acting in a complex with two RNA-binding proteins, Nrd1 and Nab3. The Sen1-Nrd1-Nab3 complex terminates nonpolyadenylated RNA species that include small nuclear (sn) and small nucleolar (sno) RNAs (Steinmetz et al., 2001; Ursic et al., 1997) , cryptic unstable transcripts (Arigo et al., 2006; Thiebaut et al., 2006) , and aberrant mRNAs (Rondó n et al., 2009) . It has been proposed that, both in yeast and mammals, Senataxin/Sen1 removes R-loops that form physiologically during transcription termination (Mischo et al., 2011; Skourti-Stathaki et al., 2011) and whose pathological accumulation induces hyperrecombination (Mischo et al., 2011; Stirling et al., 2012) .
We previously identified Sen1 as a physical interactor of the Srs2 recombination DNA helicase . In this study, we found that Sen1 assists DNA metabolic processes other than transcription termination. We show that a fraction of Sen1 associates with replication forks and protects the integrity of those forks that encounter highly expressed RNAPII genes. In the absence of Sen1, forks engaging RNAPII-transcribed genes in a head-on conformation accumulate aberrant DNA structures and DNA-RNA hybrids that likely prime unscheduled recombination events, checkpoint activation, and genome instability. Our data point to a role for Sen1 during chromosome replication in facilitating replisome progression across RNAPII-transcribed genes, thus preventing DNA-RNA hybrid accumulation when forks encounter nascent transcripts on the lagging strand template.
RESULTS
We investigated the genome-wide distribution of Sen1 and Nrd1 during the cell cycle by ChIP-chip. In G1-, S-, and G2/M-phasearrested cells, Sen1 and Nrd1 were enriched at highly transcribed RNAPII genes and snoRNA and snRNA units (Figure 1A and Figure S1 available online). Sen1, and to a minor extent Nrd1, was also associated with RNAPIII-transcribed units and centromeres ( Figures 1A and S1 ). Transcription-defective rpb1-1 RNAPII mutants (Nonet et al., 1987) specifically prevented Sen1 recruitment at RNAPII-transcribed genes ( Figures  1B and S1) , and a point mutation in the B block promoter element of the intronless tE(CUC)D (tRNA) gene counteracted Sen1 association ( Figure 1C) . Thus, the presence of these RNA species influences Sen1 chromatin binding at transcribed genes. These data are consistent with a role for Sen1-Nrd1 in processing/ terminating RNAPII Rasmussen and Culbertson, 1998; Steinmetz et al., 2001; Ursic et al., 1997; Vasiljeva and Buratowski, 2006) and RNAPIII transcripts (DeMarini et al., 1992; Jamonnak et al., 2011; Wlotzka et al., 2011) .
Sen1 binding to centromeres was RNAPII independent ( Figures 1B and S1 ). Intriguingly, sen1 mutations caused resistance to benomyl treatment ( Figure 1D ) and affected spindle pole body and/or microtubule functions (Page and Snyder, 1992; Vizeacoumar et al., 2010) . We conclude that Sen1 influences multiple aspects of DNA metabolism besides RNAPIImediated transcription.
ChIP-chip analysis showed that, in hydroxyurea (HU)-treated cells, Sen1, but not Nrd1, clusters correlated with bromodeoxyuridine (BrdU)-incorporating regions (Figure 2) . Ablation of the ARS607 origin (Shirahige et al., 1993) prevented the local association of Sen1 ( Figure S2A ). Sen1 association to replicating chromatin was not influenced by the presence of mRNA species ( Figure S2B ) and was also observed in cells experiencing S phase under unperturbed conditions (data not shown). Thus, Sen1, independently of Nrd1, seems to associate with moving replication forks. We next examined whether Sen1 assists origin firing and/or fork progression. Wild-type (WT) and temperaturesensitive sen1-1 strains bearing an aminoacidic substitution in the essential helicase domain (DeMarini et al., 1992) were released from G1 phase at 37 C in the presence of HU. The two strains showed a comparable pattern of origin firing by genome-wide analysis of BrdU incorporation and by twodimensional gel electrophoresis (2D gel) analysis (Figures S3A and S3B) , suggesting that origin firing does not depend on Sen1. However, BrdU incorporation was reduced in sen1-1 compared to WT cells in the proximity of the highly expressed PDC1-TRX1 genes ( Figure S3C ). This locus is heavily transcribed and is a natural replication-pausing element due to replicationtranscription interference (Azvolinsky et al., 2009 ). We analyzed See also Figure S1 . the fate of replication intermediates at this specific location by 2D gel analysis in WT cells and in the conditional lethal strain GAL::URL-HA-SEN1 in which Sen1 can be rapidly depleted in glucose medium (Figure 3 ). Cells were released from G1 into S phase, and samples were collected at different time points. We analyzed a 4,073 bp SphI fragment carrying the PDC1-TRX1 genes and the ARS1211 origin located at 315 bp from the right end of the fragment ( Figure 3A ). The most proximal active origins are located at 74 kb and 57 kb to the right and left ends, respectively. Hence, the 2D gel analysis monitors ARS1211 left forks encountering head-on the PDC1-TRX1 transcription units; the right forks instead immediately run off the restriction fragment, preventing the visualization of bubble-like intermediates. Accordingly, WT cells accumulated middle and large Y intermediates representing ARS1211 left forks ( Figure 3D ). Discrete spots on the Y arc were also visible and likely resulted from fork-pausing events (Azvolinsky et al., 2009 ) ( Figure 3D ). Sen1-depleted cells exhibited accumulation of middle Y-shaped forks that persisted longer compared to WT cells, further confirming that Sen1 facilitates fork progression across the PDC1-TRX1 region ( Figure 3D ). We carried out the same analysis in the presence of HU, which affects the viability of sen1 mutants (Mischo et al., 2011) , and we found that, whereas WT cells accumulated large Ys, in Sen1-depleted cells, again, they were barely detectable ( Figure 3E ). sen1 cells accumulated aberrant structures migrating along a diagonal spike within a 1.2 Kb region located 991 bp on the left side of ARS1211 and overlapping with a large portion of the PDC1 3 0 end ( Figures 3E and 4A ). The mass of these intermediates ranged from 1,548 to 2,769 bps, spanning the entire 1.2 Kb region on the first dimension ( Figure 4A ). On the second dimension, they migrated faster than the middle Ys located within the same region. Hence, these abnormal molecules seem to accumulate at the expense of large Ys and may reflect a population of forks specifically slowing down within the PDC1 C-terminal region ( Figure 4A ). Their fast migration on the second dimension may result from a Y-shaped structure containing partially replicated DNA at the fork-branching point. To test this hypothesis, we analyzed replication intermediates in sen1 cells following treatment with Mung Bean single-strand nuclease on 2D gels. We found that the abnormal structures were sensitive to the nuclease treatment ( Figure 4B ), suggesting that, in sen1 mutants, fork intermediates accumulate singlestranded DNA (ssDNA) gaps at the branching point in the proximity of the 3 0 end of PDC1. The left forks arising from ARS1211 encounter the PDC1 transcript head-on, and the 3 0 end of the mRNA molecule is annealed to the lagging strand template. It is possible that, in sen1 mutants, PDC1 DNA-RNA hybrids slow down incoming forks, generating unreplicated DNA ( Figure 3A ). ssDNA could also transiently accumulate at the nontranscribed strand ( Figure 3A) . We note that, because replication intermediates for 2D gel analysis were pretreated with RNaseA or RNaseH ( Figure 4B ), gaps could also form at the lagging strand template where the RNA molecule was previously annealed. In any case, Sen1 should prevent the accumulation of DNA-RNA hybrids at the PDC1 locus. We immunoprecipitated DNA-RNA hybrids in WT and Sen1-depleted cells by using Figure S3 .
the S9 antibody (Hu et al., 2006 ). The immunoprecipitated material was then amplified by quantitative PCR (qPCR) to specifically visualize hybrids at the PDC1 locus. The experiments were carried out in WT and GAL::URL-HA-SEN1 strains released from G1 phase into HU. In our experimental conditions, Sen1 was rapidly depleted in glucose-containing medium and, already in a-factorarrested cells, was no longer detectable by western blot ( Figure 3C ). The PDC1 transcript levels increased in G1-S in presence of HU about 2-fold (data not shown). WT and sen1 cells in G1 exhibited a similar and very low level of hybrids ( Figure 4C ). WT cells in HU exhibited a transient and slight accumulation of hybrids that peaked at 150-180 min ( Figure 4C ). In contrast, in sen1 mutants, hybrids dramatically accumulated and persisted at late time points ( Figure 4C ). We confirmed this observation also in an unperturbed S phase and at different transcribed loci (data not shown). We then used ChIP-qPCR with antibodies against Rfa1 to visualize the presence of Rfa-ssDNA nucleofilaments at the PDC1 locus. WT cells exhibited very low levels of Rfa1-bound chromatin in G1 and in S phase. In Sen1-depleted cells, Rfa1 accumulated already in G1 and peaked in S phase at 180 min (Figure 4D) . We conclude that Sen1 depletion causes accumulation of DNA-RNA hybrids and ssDNA regions in S phase. However, although the hybrids persisted, the RfassDNA nucleofilaments decreased at later time points.
We performed a 2D gel analysis on three additional loci in which forks encounter head-on RNAPII-transcribed units (SNR13-TRS31, SOD2-ERG11, and HYP2). Again, Sen1 assisted fork progression across these regions, preventing pausing ( Figures S4 and S5 ), although we did not detect massive accumulation of aberrant structures as in the case of the highly expressed PDC1 locus. WT and Sen1-depleted cells exhibited comparable 2D gel profiles at regions in which forks encounter either RNAPII-transcribed genes codirectionally (FBA1, PGK1, SSA4, and RPS13) or RNAPIII-transcribed genes head-on (tE(CUC)D) ( Figure S4 Figure 3E . Data represent the mean ±SD of three independent experiments. See also Figure S4 .
seems to facilitate fork progression specifically when forks clash head-on with RNAPII-transcribed genes. Based on these observations, we reasoned that sen1 mutants might be delayed in completing S phase and accumulate checkpoint signals. WT and sen1-1 mutants were released from G1 at the restrictive temperature for the sen1-1 mutation. Fluorescence-activated cell sorting (FACS) analysis showed that sen1-1 mutants exhibited an S phase delay ( Figure 5A ), which was amplified in the presence of low HU doses (data not shown). sen1-1 mutants exhibited a first cell-cycle arrest characterized by large budded cells, indicative of a checkpointdependent G2 block (Weinert and Hartwell, 1988) . Accordingly, sen1-1 mutants exhibited a progressive phosphorylation of the Rad53 checkpoint kinase and an S-phase-specific cell lethality, which is further aggravated by inactivating the RAD9 checkpoint gene (Figures 5B-5D ). These data suggest that sen1-1 cells are impaired in S phase progression and accumulate ssDNA checkpoint signals at replication forks.
Notably, nrd1-102 heat-sensitive mutants, carrying an amminoacidic substitution within the essential RNA recognition motif of Nrd1 (Conrad et al., 2000) , treated at 37 C, did not exhibit replication fork pausing at RNAPII-transcribed genes ( Figure S5 and data not shown), replicated DNA with a kinetic similar to WT cells, did not activate the Rad53 checkpoint, and failed to arrest in the first cell cycle ( Figure 5) . Moreover, the viability of nrd1-102 mutants was not dependent on the presence of a functional RAD9 gene ( Figure 5C ). These results suggest that, although Sen1 and Nrd1 both seem implicated in transcription termination, a fraction of Sen1 has additional roles in preventing fork instability across certain transcribed units and in suppressing DNA damage checkpoint activation.
We next examined whether replication fork arrest and checkpoint activation in sen1 mutants correlate with genome instability. We found, in accordance with a recent study (Mischo et al., 2011) , that sen1-1 mutants were lethal in the absence of homologous recombination (HR) proteins, such as Rad51, Srs2, Mre11, and Sgs1 ( Figure 6A ). In addition, other factors that preserve the fork integrity, including the replisome components Ctf4 (Lengronne et al., 2006) , Mrc1, and Tof1 (Katou et al., 2003) or Rtt109/Mms22 complex, which acts in the intra-S H3-K56 acetylation signaling pathway (Collins et al., 2007) , were also essential for sen1-1 viability ( Figure 6A ). In contrast, nrd1-102 mutants did not require any of these factors for survival ( Figure S6 ; see also Mischo et al., 2011) . Moreover, although sen1-1 mutants displayed reduced viability in combination with rad51D at the higher temperatures, RAD51 deletion rescued the synthetic lethality of sgs1D sen1-1 at 25 C and, partially, the one of srs2D sen1-1 at 37 C ( Figure 6B ). Thus, HR is essential in sen1-1 mutants, and further inactivation of the Sgs1 or Srs2 DNA helicases leads to the accumulation of lethal recombination intermediates. sen1-1 mutants, but not nrd1-102, displayed a high rate of recombination between direct repeats with a preference for genomic deletion events ( Figure 6C ). Moreover, sen1-1 mutants, but not nrd1-102 mutants, exhibited a high frequency of chromosome loss ( Figure 6D ).
Taken together, our findings suggest that a fraction of Sen1 moves with replication forks and counteracts DNA-RNA hybrid formation at sites of collision between the replisome and RNAPII-transcribed genes. Sen1 role at forks is separable from its function in transcription termination and seems critical to prevent checkpoint activation and genome instability.
DISCUSSION
Transcription hinders fork progression, leading to recombination-mediated genome rearrangements (Aguilera, 2005; Bermejo et al., 2012; Rudolph et al., 2007 and references therein) . Transcription can therefore cause replication stress (Bermejo et al., 2012) that is a hallmark of cancer (Bartkova et al., 2006; Di Micco et al., 2006) and of certain neurodegenerative disorders (Yurov et al., 2011 and references therein) .
In bacteria, which have single origins of replication, the topological complexity caused by transcription-replication interference is alleviated by their typical genomic organization characterized by codirectionality between forks and transcription (Rocha, 2008) . Nevertheless, multiple DNA/RNA helicases cooperate to coordinate replication-transcription collisions (Boubakri et al., 2010) . In eukaryotes, because chromosome replication is mediated by multiple origins, transcription-replication clashes often occur in a head-on mode, thus increasing the topological complexity. Moreover, RNAPII genes are widely dispersed within the eukaryotic genome and undergo cotranscriptional events, such as mRNA export (Kö hler and Hurt, 2007) , which impose significant topological constraints (Bermejo et al., 2012; Koster et al., 2010). Recent observations indicate that the S phase architecture of RNAPII genes is highly regulated , and the ATR checkpoint counteracts gene gating to allow fork progression across RNAPII transcription units . However, it is unclear how the fork displaces the transcription apparatus once the gated transcription loop is released from the nuclear envelope (Bermejo et al., 2012) . Here, we show that the RNA/DNA helicase Senataxin counteracts DNA-RNA hybrids specifically when forks encounter RNAPII transcription units. Our data, together with the biochemical observation that Senataxin translocates with a 5 0 to 3 0 polarity, preferentially displacing DNA-RNA hybrids (Kim et al., 1999) , suggest that Sen1 has a key role in coordinating headon replication-transcription collisions. The following observations point out a function for Senataxin within the chromosome replication process: (1) a fraction of Sen1 associates with moving forks; (2) in all the cases analyzed, Sen1 counteracts fork pausing at RNAPII-transcribed units clashing head-on with replication forks; (3) HU treatment induces fork instability at highly transcribed regions and cell lethality in sen1 mutants; (4) DNA-RNA hybrids accumulate in S phase when Sen1 is ablated. Moreover, our findings that another population of Sen1 associates with Nrd1 and binds RNAPII and RNAPIII genomic elements throughout the cell cycle and that Nrd1 does not affect S phase events strongly suggest that Senataxin has evolved at least two functions-one in facilitating RNA biogenesis and one in assisting fork progression in head-on encounters with RNAPII-transcribed genes.
The current view suggests that the RNA-processing defects caused by Senataxin inactivation lead to the accumulation of R-loops that trigger genotoxic recombinogenic events (Mischo et al., 2011; Skourti-Stathaki et al., 2011) . The R-loop structure resembles the D-loop structure of recombination intermediates and is characterized by the presence of a very stable DNA-RNA hybrid duplex on the transcribed strand and by a symmetric ssDNA region on the nontranscribed strand. R-loop formation seems facilitated by the accumulation of negative supercoiling behind the transcription bubble (Drolet, 2006) , and its recombinogenic potential is due to the ssDNA. If the accumulation of R-loops in Senataxin mutants is indeed caused by transcription termination problems, we would expect accumulation of DNA-RNA hybrids at the constitutively transcribed PDC1 locus also in G1. Our data seem at odds with this scenario as we found that DNA-RNA hybrids significantly accumulate in sen1 mutants in S phase, but not in G1 phase, and this defect correlates with the accumulation of aberrant DNA replication intermediates. The finding that Sen1-depleted G1 cells accumulate Rfa-ssDNA nucleofilaments but no RNA-DNA hybrids may in fact reflect a slow transcription mode owing to transcription termination problems. Based on our data, we propose that the replicative-and not the transcriptional-function of Sen1 counteracts DNA-RNA hybrids specifically in S phase at those locations at which transcription collides head-on with replication. The finding that DNA-RNA hybrids accumulate in S phase in sen1 mutants implies that the DNA-RNA hybrid has to face an incoming fork. This raises the possibility that those forks arising from ARS1211, while approaching the 3 0 end of the PDC1 transcripts, transiently uncouple leading and lagging strand synthesis and replicate across the nontranscribed strands (Figure 7) . Indeed, fork-uncoupling events have been described (Pagè s and Fuchs, 2003) . The scenario described above would suggest a multistep process for the accumulation of hybrids in sen1 mutants. The triggering event for hybrid formation might be the topological constraints that arise when forks collide head-on with RNAPII- The ATR checkpoint inhibits gene gating to allow fork progression through topological barriers imposed by RNAPII-transcribed genes. Following gene loop dismantlement, twin-supercoiled domains transiently form, and nascent transcripts may anneal to the negatively supercoiled DNA behind the transcription bubble, leading to DNA-RNA hybrid formation. Sen1 moves with the fork, preventing DNA-RNA hybrid accumulation at those genomic regions at which transcription collides head-on with replication. In the absence of Sen1, DNA-RNA hybrids persist on the lagging strand template. Replication across the nontranscribed strand might be facilitated by the uncoupling of leading-and lagging-strand synthesis.
transcribed units right after the DNA damage-response-mediated dismantling of gene gating (Bermejo et al., 2012) . The resolution of the transcribed loop might then generate the twin topological domain characterized by the positive and negative supercoiling ahead of or behind the transcription bubble, respectively (Figure 7 ) (Liu and Wang, 1987) . The residual abortive mRNAs, particularly at highly transcribed genes, might then anneal with the template within the underwound negatively supercoiled region (Drolet, 2006) , thus leading to R-loop formation (Figure 7) . A backtracking RNAPII might also contribute to hybrid formation (Nudler, 2012) . In the absence of Sen1, fork passage would then replicate across the R-loop, leaving behind DNA-RNA hybrid regions (Figure 7) . Replication across the R-loop would also correlate with the progressive reduction of Rfa-ssDNA nucleofilaments, as we observed. Whether RNase H activities process hybrids in sen1 mutants remains to be elucidated.
Our observations indicate that DNA-RNA hybrids transiently accumulate also in WT cells going through S phase. These results suggest that, when transcription and replication collide head-on, Sen1 actively displaces the hybrids that form in a physiological context on transcribed strands.
We also suggest that the recombinogenic and genome instability events observed in the absence of a functional sen1 are the result of faulty replication. In sen1 mutants, the DNA damage checkpoint is proficient. In fact, sen1 mutants generate checkpoint signals, likely due to fork pausing and/or DNA-RNA hybrid processing. Hence, it is expected that the ATR pathway is still functional in counteracting gene gating at transcribed units while forks approach.
In budding yeast, at least four fork-associated helicases (Azvolinsky et al., 2006; Cobb et al., 2003; Papouli et al., 2005) assist fork advancement, preventing unwanted recombination; Rmr3 displaces protein barriers, including those at RNAPIII genes (Azvolinsky et al., 2006) , while Sgs1 and Srs2 promote replication across trinucleotide repeats (Kerrest et al., 2009) and counteract hemicatenane accumulation . We now show that Sen1 counteracts recombinogenic events when forks encounter RNAPII-transcribed units. Intriguingly, Sgs1 and Sen1 physically interact with Srs2 , and the corresponding mutants are synthetic lethal due to the accumulation of toxic Rad51 nucleofilaments that likely form at replication forks ( Figure 6B ; Gangloff et al., 2000) .
AOA2 and ALS4 are both rare diseases caused by mutations in the Senataxin gene (Chen et al., 2004; Moreira et al., 2004) . AOA2 cells are sensitive to DNA-damaging agents (Suraweera et al., 2007) , although the molecular mechanisms causing these phenotypes are still unknown. Altogether, our data place Senataxin within a molecular network that preserves the integrity of replicating chromosomes and reinforce the notion that transcription represents a chronic stress for replication. We suggest that the failure to regulate the conflicts between replication and transcription in Senataxin-defective cells could contribute, in part, to the pathological features of AOA2 and ALS4.
EXPERIMENTAL PROCEDURES Yeast Strains and Growth Conditions
Yeast strains used in this study are listed in Table S1 and are constructed as described in the Extended Experimental Procedures. Yeast strains were grown in YP media containing glucose at 2% w/v (YPD) or galactose at 2% w/v (YPG). a-factor was used at a final concentration of 2 mg/ml or, in the experiment shown in Figure 5D , 20 mg/ml. Nocodazole, benomyl, and HU drugs were used at a final concentration indicated in the figure legends. Details on growth conditions for individual experiments are described in the figure legends.
ChIP-chip, BrdU-IP Analysis, and Statistical Methods S. cerevisiae oligonucleotide microarrays were provided by Affymetrix. The ChIP-chip and the BrdU-IP chip analysis were carried out and analyzed as described , employing anti-Flag monoclonal antibody M2 (Sigma-Aldrich, F1804) or anti-BrdU antibody (MBL, MI-11-3), respectively. A list of highly transcribed RNAPII genes has been obtained from the literature (Azvolinsky et al., 2009 and references therein). The list of RNAPIII genes includes all tRNAs, 5S rDNAs (RND5-1-6), SNR6, RPR1, SCR1, and SNR52. Evaluation of the significance of protein cluster distributions within the different genomic features was performed by confrontation to the model of the null hypothesis distribution generated by a Montecarlo-like simulation ) (see also Extended Experimental Procedures).
qPCR ChIP Experiments DNA-RNA hybrid precipitation was performed as previously described (Mischo et al., 2011) , with some modifications (see Extended Experimental Procedures). Standard ChIP on Sen1, Rfa1, and Pola has been carried out by using the ChIP-chip protocol. ChIPed DNA levels were measured by quantitative real-time PCR by using the SYBR Green technique (SYBR Green PCR Master Mix, Applied Biosystems) and run in Roche Light Cycler 480 Real-Time PCR System. Sequences of the DNA primers are listed in Table S2 . The results were analyzed by CT method as described in the Extended Experimental Procedures.
2D Gel Electrophoresis of Replication Intermediates
DNA replication intermediates were purified from in vivo psoralen crosslinked cells by using the CTAB methods and subjected to 2D gel electrophoresis as previously described (Liberi et al., 2006 ) (see also Extended Experimental Procedures). DNA samples, when indicated, were treated with 10 U Mung Bean (New England Biolabs) for 1 hr at 30 C or with 30 U RNaseH (Invitrogen)
for 4 hr at 37 C before being subjected to 2D gel electrophoresis.
Genetic Methods and Other Techniques
Genetic analyses were performed by using standard procedures for mating, diploid selection, sporulation, and tetrad dissection. Survival of yeast strains at 37 C was evaluated as plating efficiency, and curves are the mean values from three independent experiments. For spot assays, yeast strains were grown at equal cellular concentrations and sequentially diluted 1:6 before being spotted onto plates with or without treatment. Intrachromosomal recombination rates were determined as previously described (Xu et al., 2004) by using yeast strains carrying a heteroallelic duplication of LEU2, with URA3 between the LEU2 genes. Chromosome loss was evaluated by a colony-sectoring assay previously described (Spencer et al., 1990) . The frequencies of chromosome loss were calculated as percentage of red/white sectored colonies scored on plates containing minimal medium supplemented with 20-30 mg/ml of amino acids and 6 mg/ml of adenine. Flow cytometry cell-cycle analysis was performed on a Beckton Dickinson fluorescence-activated cell analyzer by using propidium iodide as DNA stain. For western blot analysis, protein extracts were prepared by TCA precipitation .
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